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Abstract 
Effect of Si addition on microstructure, hardness and wear resistance of as cast Mg-5Sn and Mg-10Sn alloys were investigated. For this 
purpose alloys with wt.-% 0, 0.5, 1, 1.5 Si were cast using an induction furnace. Addition of Si to both alloys caused an increasement in 
the amount of intermetallic phases at the grain boundaries. Also refined grain structure was reported with increasing Si content in the cast 
alloys. Both increased amount of intermetallics and decreased grain size caused an increase in the hardness of the alloys. Wear resistance of 
the binary alloys first increased with Si addition and then decreased. Increased amounts of Si in the alloys caused crack formation during 
wear tests and decreased wear resistance. Sliding speed also has a dramatical effect on the wear resistance of the alloys. Increased sliding 
speed resulted with higher wear resistance. Worn surfaces of the alloys also investigated under scanning electron microscope to understand 
the wear mechanisms operated during wear tests. 
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t  1. Introduction 
The need for weight reduction in different applications like
automotive or aviation causes a search for lighter structural
materials. Magnesium and its alloys can fulfill this role be-
cause of their low density and high strength to weight ratio
[1–4] . Although there are some Mg alloys that can compete
with Al alloys and common steels, more development is re-
quired in strength and corrosion resistance of magnesium al-
loys to increase their usage in different applications [5–7] .
In the last two decades Mg-Sn based alloys are of special
interest. Sn has a high solubility limit in Mg at high tem-
peratures and this solubility limit decreases with decreasing
temperature which makes this alloys suitable for precipitation∗ Corresponding author. 
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( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) Peer review under responsibilitardening treatment [8 , 9] . Addition of Sn to Mg causes for-
ation of Mg 2 Sn phase, this phase has a melting point of
70 °C and can effect mechanical properties of the alloy at
levated temperature positively [10] . Rare earth (RE) elements
lso form stable precipitates and also improve high temper-
ture properties [11 , 12] . However these elements are high in
ost which limits applications of RE containing alloys. Sn is
easonably cheap compared with RE elements [13] . Because
f this promising situtation a number of studies have been
onducted on different Mg-Sn based alloys. Effects of dif-
erent alloying elements like Ca, Zn, Al, Si, Nd, In, Bi, Y
nd Mn [14–19] on different properties of binary Mg-Sn al-
oys have been investigated by different researchers. Although
he microstructures, mechanical properties, corrosion proper-
ies and heat treatments of Mg-Sn based alloys have been
nvestigated in detail [20–26] there are limited information
bout wear properties of these alloys. Poddar et al. investi-
ated wear characteristics of some gravity die-cast and rheo-
ast Mg-Sn based alloys [27 , 28] . Whereas Jiang et al. studied. This is an open access article under the CC BY-NC-ND license. 
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Chemical compositions of the cast alloys (wt.-%). 
Element Sn Si Al Fe Mg 
Mg-5Sn 5,09 0,04 0,11 0,02 Balance 
Mg-5Sn-0,5Si 4,95 0,48 0,09 0,03 Balance 
Mg-5Sn-1Si 4,82 1,03 0,08 0,03 Balance 
Mg-5Sn-1,5Si 5,01 1,42 0,10 0,02 Balance 
Mg-10Sn 9,92 0,03 0,11 0,03 Balance 
Mg-10Sn-0,5Si 10,03 0,52 0,09 0,02 Balance 
Mg-10Sn-1Si 10,08 1,05 0,10 0,02 Balance 
Mg-10Sn-1,5Si 9,91 1,52 0,10 0,03 Balance 
Fig. 1. Microstructures of Mg-5Sn alloys with (a) 0, (b) 0.5, (c) 1.0 and 
























b  ear behaviour of extruded Mg-Sn-Yb alloys [29] . Improv-
ng wear resistance of magnesium alloys can increase their
sage in different applications especially in automotive in-
ustry. This study aims to understand effects of Si addition
n microstructure, hardness and wear properties of two binary
g-Sn alloys with different Si contents. 
. Experimental 
In this study Mg-Sn alloys with two different Sn content
nd four different Si content was cast to understand the effect
f Si on microstructure and wear resistance of the materials.
n induction furnace with a graphite crucible was used for
he casting operations. Commercially pure Mg (99.8 wt.-%),
n (99.7 wt.-%) and Si (99.6 wt.-%) were used in the exper-
ments. All melting processes were conducted under Ar at-
osphere. First Mg-5Sn and Mg-10Sn alloys were produced.
hen parts were cut from these cast materials and remelted.
ifferent amounts of silicon were (wt.-% 0, 0.5, 1, 1.5) added
o the melts and then the specimens were cast into metal mold
ith dimensions of 50 ×30 ×150 mm, preheated to 150 °C.
amples were cut 50 mm from the bottom of the castings
nd used in experiments. Chemical compositions of all in-
estigated samples were measured using an optical emission
pectrometer. Cast samples were ground with silicon carbide
apers and then polished with diamond paste. Polished sam-
les were etched using an etchant consisting of 5 ml acetic
cid, 6 g picric acid, 10 ml water and 100 ml ethanol. Mi-
rostructural investigations were concluded using an Olympus
X41M-LED ligth microscope and a Jeol JSM 6060 scanning
lectron microscope (SEM) with an energy dispersive X-ray
pectrometer (EDS). Grain size measurements were done us-
ng line interception method on the images taken with light
icroscope. All reported grain size values are average of the
easurements taken from ten images per alloy. Phases in the
ast materials were identified using a Rigaku SA-HF3 X-Ray
ifractometer with Cu K- α radiation at 40 kV and 40 mA, us-
ng a step scan (0.02 ̊/step) of 2 θ from 10 ̊ to 90 ̊ with a scan-
ing speed of 1 ̊/min. Hardness tests were realized accord-
ng to ASTM E384-11 using a Future-Tech Vickers hardness
ester under 1 kg load [30] . All reported hardness values are
n average of ten measurements. Wear tests were performed
n polished samples at room temperature using a Nanovea
T/60/NI ball-on-disc type tribometer according to ASTM
99-05 [31] . Normal load was selected as 20 N for all wear
ests, AISI 52,100 steel balls (5 mm in diameter and approx-
mately 800 HV hardness) were used as counterfaces. The
liding distance were kept constant for all tests as 1000 m
hereas two different sliding speeds were selected for wear
ests, namely 0.4 and 0.8 m/s. Samples were cleaned with al-
ohol and dried with hot air before and after tests. The weight
oss of the samples were measured using an AND GR200 mi-
robalance. Obtained wear loss values were used to calculate
ear rate of the alloys, calculation of the wear rate is ex-
lained elsewhere [32] . Worn surfaces of the materials were
lso investigated using SEM to understand the active wear
echanisms. . Results 
.1. Microstructural investigations 
Results of the chemical analyses of the samples are given
n Table 1 . Microstructural investigations of the alloys showed
hat all alloys have dendrite like grain structure. The mi-
rostructure of the alloys consist of α-Mg dentrites and in-
ermetallic phases at grain boundaries of these dentrites. Mi-
rostructures of all investigated alloys are given in Figs. 1
nd 2 . 
It is also evident that addition of silicon to both Mg-5Sn
nd Mg-10Sn binary alloys causes an increase in the amount
f the intermetallics at the grain boundaries. Also increament
f tin content from wt.-% 5 to 10 causes formation of higher
mount of phases in the grain boundaries of dendritic α-Mg
rains. Amount of the secondary phases in the alloys were
uantified using an image analysis software. For each alloy
en images were analysed and the average values were cal-
ulated. Amounts of the secondary phases according to the
lloy composition is depicted in Fig. 3 . 
SEM imaging and EDS analysis of the phases in the mi-
rostructures were performed on selected as-cast samples. As
an be seen on Fig. 4 increasing tin content in the alloy in-
reases volume fraction of intermetallic phases. All the grain
oundaries of Mg-10Sn-1.5Si alloy is surrounded by these
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Fig. 2. Microstructures of Mg-10Sn alloys with (a) 0, (b) 0.5, (c) 1.0 and 
(d) 1.5 Si addition. 
Fig. 3. Amount of the secondary phases with increasing alloying additions. 













































m  intermetallics ( Fig. 4.b ). Whereas some grain boundaries are
free of intermetallics on the Mg-5Sn-1.5Si alloy ( Fig. 4.a ).
Segregation of alloying elements in the regions close to the
grain boundaries is also visible in the microstrustures of the
alloys. Increased amount of alloying elements causes more
segregation during solidification. 
According to the binary Mg-Sn phase diagram addition of
Sn to Mg causes precipitation of Mg 2 Sn intermetallic phase.
On the other hand according to the previous studies additionf Si to Mg-Sn alloys causes precipitation of Mg 2 Si phase
nd in Mg-Sn-Si alloy system there is no ternary intermetal-
ic compounds were reported [33] . X-ray diffraction analysis
ere conducted to identify these phases and the results of the
nalysis can be seen on Fig. 5 . XRD patterns of binary Mg-Sn
lloys show the existence of Mg and Mg 2 Sn phases. On the
ther hand addition of Si to Mg-Sn binary alloys results with
ormaton of Mg 2 Si intermetallic phase. It is known that there
s an extensive solid solubility between Mg 2 Sn and Mg 2 Si
hases [34] . Because of that the intermetallics in the grain
oundaries can contain different amount of silicon. Some of
he EDS analysis results of different phases on the microstruc-
ure and the points where these analysis were taken are shown
n Fig 6 . 
.2. Grain size measurements 
Effect of tin and silicon content on the grain size of the
lloys can be seen on Fig 7 . The grain size of the alloys de-
reases with increasing Si content. Also Mg-10Sn alloy has
maller avarage grain size compared to Mg-5Sn alloys for all
ilicon contents. The reason of the decrease in the grain size
ith increasing alloying element content can be expalined by
nterdependence theory. In the light of recent research grain
ize of a cast material is related to the potency of nucleant
articles and solute segregation in the liquid solid interface
35 , 36] . Potency of nucleant particles are related to the prop-
rties of these particles (size, surface roughness, etc). On the
ther hand solute segregation in the solidification front in-
reases undercooling and can help more particles to act as
ucleants. Also segregation of solute atoms to the solidifica-
ion front has a restricting effect on the grain growth. This
ffect is different for different solute atoms and defined as
rowth restriction factor (Q). Growth restriction factor can be
alculated for different solute atoms using Q = m l C 0 (k-1) for-
ula, where m l is the slope of the liquidus line, C 0 is the
omposition of the alloy and k is the partition coefficient. In
agnesium Si has a m l (k-1) value equal to 9.25 which is the
E. Karakulak, Y.B. Küçüker / Journal of Magnesium and Alloys 6 (2018) 384–389 387 























s  ighest fourth value after Fe, Zr and Ca [37] . This means
ddition of even small amounts of Si to Mg alloys can re-
ult with higher grain restriction effect and decreased grain
ize. Although Sn has a lower Q value which is equal to 1.47
ncreasing Sn content from 5% to 10% also has a refining
ffect on the grain size of the material [37] . 
.3. Hardness measurements 
Fig. 8 shows change of the hardness of Mg-5Sn and Mg- 
0Sn alloys with silicon addition. Hardness of the alloys in-
reases almost linearly with increasing silicon content. The
ncrease in the hardness of the alloys is result of two differ-
nt mechanisms. Addition of Si causes formation of Mg 2 Sintermetallic phases with relatively high hardness compared
o Mg matrix. Increasing amount of Si in the alloy increasses
olume fraction of Mg 2 Si intermetallics and increases hard-
ess. On the other hand addition of Si to the binary alloys
auses a decrease in the grain size of the alloys as can be
een on Fig. 7 . When grain size of a metallic material is de-
reased hardness of the material increases according to well
nown Hall-Petch equation. 
.4. Wear tests 
Wear rate values of different alloys can be seen on
ig. 9. For both Mg-5Sn and Mg-10Sn alloys addition of
ilicon first increased wear resistance but when Si content is
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Fig. 7. Change of grain size of Mg-5Sn and Mg-10Sn alloys with Si addition. 
Fig. 8. Effect of Si addition on the hardness of the alloys. 
Fig. 9. Wear rate values of Mg-5Sn-xSi and Mg-10Sn-xSi alloys tested with 








































o  1% or higher wear resistance of the alloy is effected nega-
tively. It is obvious from both graphs that sliding speed has
a dramatical effect on the wear resistance of the Mg-Sn-Si
alloys. As can be seen on the graphs for all alloys increased
sliding speed during wear tests results with decreased wear
rate. When Mg-5Sn and Mg-10Sn alloys with same Si con-
tent is compared, for all silicon values Mg-10Sn alloys has
lower wear rate. .5. Worn surface investigations 
Worn surfaces of the samples after wear tests were inves-
igated under SEM to understand the operating wear mecha-
isms. Representative images of the worn surfaces can be seen
n Fig. 10. Grooves with different depths were reported on
he worn surface of binary Mg-Sn alloys for all two Sn con-
ents and for all two sliding speeds. These grooves are result
f the abrassive wear caused by the movement of relatively
ard counterface on the surface of softer specimens. Addi-
ion of 0.5% Si causes a decrease in the number of grooves
nd existing grooves are shallower. Further increasing sili-
on content in the alloys causes formation of cracks on the
orn surface. Coalescence of these cracks results with re-
oval of materials from the specimen during wear tests. As
 result wear rate of the material increases. Increased Si con-
ent in the alloys causes an increase in the volume fraction
f the Mg 2 Si intermetallic phases. These intermetallic phases
re hard and fragile and usually cause crack formation and
ropagation during wear tests. 
It is also reported that worn surfaces of the alloys tested
ith higher sliding speed shows higher oxidation tendency.
ncreased sliding speed causes more friction during wear tests
hich results with increased heat formation. When the tem-
erature in the interface increases higher levels of oxidation
ccurs. Although oxidation is a wear mechanism, in some
ases formation of oxides on the worn surface may help to
ecrease wear rate of the alloy. During wear tests plastic de-
ormation of the matrix can cause distribution of produced
xide particles in the material which results with a composite-
ike structure. Introduction of hard oxide particles in soft Mg
atrix increases wear resistance of the material. Fig. 11 shows
xide particles with different sizes that mixed with the matrix
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Fig. 11. SEM image of worn surface of Mg-10Sn-1Si alloy tested with a 


































































[  uring wear test. The layer formed with distribution of ox-
des during wear test is called as Mechanical Mixing Layer
MML) [38 , 39] . Formation of MML during the wear tests
ith 0.8 m/s sliding speed can explain the lower wear rate
alues of all alloys tested at higher sliding speeds. 
. Conclusions 
In this study Mg-5Sn and Mg-10Sn alloys with different Si
ontents were cast. Microstructural investigations, grain size
easurements, hardness and wear tests were conducted on
he cast samples. Also worn surfaces of the specimens were
nvestigated. Following conclusions can be drawn from the
esults of the experimental work. 
• Increasing Sn content in the alloys and addition of Si
causes an increasement in the amount of intermetallic
phases in the grain boundaries of the alloys. 
• With increasing amounts of alloying elements (both Sn or
Si) in the alloy grain size decreases. 
• Addition of Si to binary alloys increases hardness. Also
alloys with high Sn content have higher hardness compared
to the ones with lower Sn content. 
• For all Sn contents maximum wear resistance of the alloy
is obtained with 0.5% silicon addition. 
• Sliding speed during wear tests has an enormous effect
on the wear rate of the materials. Increased sliding speeds
results with higher wear resistance. 
• Abrassive wear was dominant for the binary alloys whereas
crack fromation and removal of material was reported for
the alloys with high Si content. Increased sliding speed
caused higher oxidation levels on the worn surfaces of the
specimens. 
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